An experimental investigation was performed to study the effect on the free volume of the advance of the cross-linking reaction in a copolymer of styrene butadiene rubber by sulfur vulcanization. The dynamic modulus and loss tangent were evaluated over samples cured for different times at 433 K by dynamic mechanical tests over a range of frequencies between 5 and 80 Hz at temperatures between 200 and 300 K. Using the William-Landel-Ferry relationship, master curves were obtained at a reference temperature of 298 K and the coefficients c 1 0 and c 2 0 were evaluated. From these parameters the dependence of the free volume on the cure time is obtained. Positron annihilation lifetime spectroscopy was also used to estimate the size and number density of free volume sites in the material. The spectra were analyzed in terms of continuous distributions of free volume size. The results suggest an increase of the lower free volume size when cross linking takes place. Both techniques give similar results for the dependence of free volume on the time of cure of the polymer.
I. INTRODUCTION
It is known that, on increasing the cure level in sulfur vulcanized elastomers, the mechanical dynamic response, estimated by means of the variation of the dynamic moduli with frequency, shows a shift of the transition zone to lower frequencies ͓1-3͔. In the case of natural rubber vulcanizates this shift is due mainly to the presence of side reactions and secondarily to the increase in cross-link density ͓4 -6͔. Direct consequences of this are the hindrance of chain mobility and a broadening of the mechanical relaxation curves ͓7,8͔. These facts are associated with a broadened distribution of the free volume of the system ͓8͔.
The experimental determination of the free volume in polymeric systems is of great importance not only from the theoretical point of view but also for practical applications. In practice the experimental determination of free volume is not an easy task.
Since the experimental determination of the free volume is not simple, several theoretical frameworks have been used to get an indirect estimation of the free volume from experimental results. In the case of dynamic mechanical measurements, the William-Landel-Ferry ͑WLF͒ relationship ͓9͔ is one of the most popular methods based on the timetemperature principle to evaluate the free volume fraction. It can be estimated by means of the shift factor a T evaluated from analysis of the dependence of the storage modulus on frequency and temperature by applying the WLF relationship. The shift factor is expressed by
where c 1 0 and c 2 0 are constants evaluated at the reference temperature T 0 and T is the temperature in kelvins.
The fractional free volume f is given by f ϭv f /v where v f and v are the free and total volumes, respectively. The total volume is the sum of the free volume and an occupied volume v 0 which includes not only the volume of the molecules as represented by their van der Waals radii but also the volume associated with vibrational motions ͓9͔. The shift factor a T is related to the fractional free volume by ͓9͔
where f 0 is the fractional free volume evaluated at the reference temperature T 0 and B is an empirical constant near unity. A few novel techniques have been applied to estimate the free volume in polymers: wide-angle x ray diffraction, photoisomerization of photochromic probe molecules ͓10͔, and positron annihilation lifetime spectroscopy ͑PALS͒. Specifically, PALS has been used to evaluate the free volume and pore size in materials as diverse as silica gels and zeolites and in the study of biological macromolecules ͓11-14͔.
A positron injected into a polymeric material can pick up an electron from the material and form a neutral particle called positronium ͑Ps͒ which occurs in two states, parapositronium ͑p-Ps, antiparallel positron-electron spins͒ and ortho-positronium ͑o-Ps, parallel spins͒. These two states are formed according to the ratio 1:3 between p-Ps and o-Ps. The probability of Ps formation depends on the physical and chemical properties of the materials. Precisely, from the annihilation process of the Ps, it is possible to obtain information regarding the free volume distribution. In fact, the lifetime of p-Ps ͑0.123 ns in vacuum͒ is too short to be influenced by the volume factors. As the characteristic life-time of o-Ps is long enough ͑140 ns in vacuum͒, it is possible that the positron in the o-Ps state can annihilate with an electron other than its bound partner ͑and of opposite spin͒, following a process commonly called pick-off annihilation ͑for more details see ͓12͔͒.
An empirical approximation allows us to describe the correlation between free volume size and the long-lived lifetime component corresponding to o-Ps. In the approximation proposed by Tao ͓15͔ and by Eldrup et al. ͓16͔ , it is assumed that o-Ps resides in a simple potential well, such as a spherical well of radius R having an infinite potential barrier. Then, the following semiempirical expression is usually used:
where ␦R is the thickness ͑0.166 nm͒ of the electron layer that constitutes the wall of the hole and can overlap with the o-Ps wave function. In some cases, the long-lived component results in a lifetime distribution; as a consequence a free volume distribution is obtained ͓11,17͔
The number of free volume holes in the material is represented by the relative intensity I o-Ps corresponding to the o-Ps component o-Ps . The free volume fraction f in polymers is assumed to be proportional to the density of holes and to the average volume of each hole. Then the following semiempirical equation is used:
where v h is the volume of the hole and A is a constant In this paper, the behavior of the free volume was investigated during the vulcanization of styrene butadiene rubber ͑SBR͒ at 433 K. By means of dynamic mechanical tests, the changes in the loss tangent and storage modulus at different temperatures and frequencies with different cure conditions are presented. Using the method of reduced variables, the master curves of the dynamic moduli against frequency were obtained at a reference temperature. Then the values of log 10 (a T ) as a function of temperature were evaluated and consequently the parameters of the WLF relationship. With this information it is possible to correlate the fractional free volumes obtained using PALS with those of the free volume theory and confirm its validity.
II. EXPERIMENTAL TECHNIQUES
The material used in the present study was SBR1502. This is a copolymer of styrene and butadiene that contains 23.5% bound styrene, i.e., a molecular proportion of one styrene for every six or seven butadienes. The chemical structure of butadiene in the SBR copolymer consist of 55% trans-1.4, 9.5% cis-1.4, and 12% 1,2-butadiene. The molecular weight M n ϭ176 000 g/mol was obtained by gel permeation chromatography.
A compound of unfilled SBR was prepared according to the formulation given in Table I in a laboratory mill.
Samples prepared as sheets of 150ϫ150ϫ2 mm 3 were cured for 12.6, 15.1, 18.7, and 31.2 min at 433 K. According to rheometer curves ͓18͔, the cure level (␥) corresponding to each time is 0.5, 0.75, 0.9, and 1.0, respectively. Samples were quenched in ice and water after being removed from the mold. For measurements of the dynamic properties, strip samples of 15ϫ5ϫ2 mm 3 were cut with a die. The storage modulus (EЈ), loss modulus (EЉ), and loss tangent (tan ␦) were measured using a Metravib viscoelasticimeter in the frequency range between 5 and 80 Hz and the temperature range between 200 and 300 K using a temperature ramp of 5 K/min. The Metravib was used in tension compression mode with a fixed displacement of 2 mm thus ensuring linear viscoelastic behavior.
A fast-fast timing coincidence system was used as lifetime spectrometer for the PALS measurements. A time resolution ͑full width at half maximum͒ of 255 ps was obtained using the code RESOLUTION ͓19͔. The positron lifetime spectra were recorded at room temperature with a counting rate of about 100 counts/s and a total number of (2 -3)ϫ10 6 coincidence counts using a 20 Ci source of 22 Na deposited on a Kapton foil (7.5 m thick͒. The source was placed between two identical disk-shaped samples of 2 mm thick and 15 mm diameter obtained from the same sheets used for the dynamic mechanical test. As is usual in polymers the PALS spectra were deconvoluted into three components, two discrete and one giving the o-Ps lifetime distribution, using the LT program ͓20͔ with an adequate source correction.
III. RESULTS AND DISCUSSION
From PALS measurements and by using Eq. ͑3͒, the average volume of the hole v h ϭ4R 3 /3 can be calculated in spherical approximation. The values of the normalized intensities I o-Ps and the mean free volume v h for all the analyzed samples are given in Table II . In this table the value f /A is given according to Eq. ͑4͒.
By analyzing the PALS spectra, the distribution of inverse lifetimes (1/ o-Ps ) can be estimated. This distribution is related to the radius distribution f (R) as ͓21͔ 
͑5͒
Then it is easy to obtain the free volume distribution as
The fraction of positrons annihilating in cavities with volumes between v h and v
The dependence of g(v h ) on the time of cure in the samples of SBR cured at 433 K is given in Fig. 1 . All the distributions consist of one skewed peak and extend from about 20 Å 3 to 450 Å 3 . Some features must be mentioned in analyzing these plots. The behavior of the most probable free volume size with the cure time is shown in Fig. 2 . From this figure we are able to analyze the evolution of free volume during the cure of the material.
We can observe that the free volume decreases significantly at the beginning of the cure. This fact implies a lower freedom of movement of the macromolecular segments in the cured state compared to the uncured state. This phenomenon is consistent with the macroscopic changes that are produced at the glass transition temperature in the cured and uncured states ͓22͔. Thus it can be concluded that the presence of cross links decreases the volume of holes in the sample. Once a minimum value is obtained the free volume increases until we reach the maximum cure level. So we conclude that the free volume passes through a minimum value during the cure of material. A similar trend was observed by Venditti et al. ͓23͔ in an epoxy/amine system. In that work, it was proposed that an antiplasticization process occured during the cure of the material. The unreacted material behaves as an antiplasticizer.
In our samples the cure system is composed of sulfur, an accelerator ͑TBBS͒, and an activator ͑zinc oxide͒. It is well known that in sulfur vulcanization only part of the combined sulfur goes to form cross links between chains ͓24͔. Also, a variety of chemical reactions take place during the curing process and these lead to a variety of structures ͓24,25͔. For example, during the vulcanization the network contains dangling accelerator-derived groups of the type -S x -Ac where Ac is the radical of an accelerator molecule and S x represents a cross link. We identify these structures with antiplasticizers since they fulfill the requirements of these structures ͓23͔.
These structures are consumed during the curing of the material, forming the cross-linking network. In this way, the antiplasticizer molecules fill the polymer free volume at the beginning of the curing and they are consumed during the process, increasing the free volume.
As can be understood from Figs. 1 and 2, the other interesting fact is that there is a broadening of the free volume distribution when comparing the uncured sample with the cured ones. This confirms the early analysis of Mason ͓8͔ who inferred that the broadening of the mechanical relaxation curves of natural rubber with increase in the degree of cross linking was due to a broadened distribution of the free volume in the polymer.
The master curves of the storage modulus EЈ, loss modulus EЉ, and loss tangent tan ␦ for the cured samples of SBR at a reference temperature T 0 ϭ298 K are shown in Figs. 3͑a͒, 3͑b͒, and 3͑c͒. The parameters of the WLF relationship, Eq. ͑1͒, used to built the master curves are given in Table III for each sample measured. According to the literature, the following relationships connect the WLF parameters c 1 0 and c 2 0 with the free volume fraction f ͓9͔:
where ␣ f is the thermal expansion of the free volume relative to the total volume. For the sake of simplicity, B has usually been set arbitrarily equal to unity. Then from Eq. ͑6͒ the fraction of free volume f 0 at the reference temperature T 0 can be calculated and the corresponding values are given in Table III . The fraction of free volume is nearly constant between ␥ϭ0.5 and 0.75 and increases at high cure levels. This fact might be associated not only with the creation of new cross links during curing but also with the side reactions produced during sulfur vulcanization ͓5͔. Srithawatpong et al. ͓26͔ recently reported measurements of free volume hole sizes in cured cis-polyisoprene, high vinyl polybutadiene, and their 50:50 mixture. They observed that on cross linking both the average hole size and the free volume fraction decrease. But some remarks can be made regarding this research. First, the different cross-link densities in the samples were obtained by changing the concentration of the cross-linking agent and not the curing time as in our investigation. Second, in the case of the results presented for cispolyisoprene and high vinyl polybutadiene, only one level of cure was examined with respect to the uncured sample. Finally, in the case of the blend a minimum value of the free volume was reported when the cross linking increased, as in the present report.
By using Eq. ͑8͒, the parameter ␣ f /B was estimated and is also given in Table III . The values are close to those reported in the literature for the same elastomer ͓9͔ and seem to increase with increasing degree of cure.
Banduzuch et al. ͓27͔ recently reported a study using information from PALS and viscosity data of some uncured elastomers in which the free volume fraction and thermal expansion coefficient were evaluated. They concluded that a combination of both techniques could give more information about the behavior of the free volume in polymers and the dynamics associated with this free volume.
In order to use the information obtained using PALS measurements together with that from the dynamic mechanical tests, from Eqs. ͑4͒ and ͑7͒ it is easy to obtain
When the parameter c 1 0 , obtained by using the WLF relationship in the dynamic mechanical tests, is compared with the data from the positron tests for all the cured samples, a good correlation is obtained, as can be seen in Fig. 4 . On the basis of this comparison it can be concluded that both techniques have apparently captured the same information. In other words, our results support the free volume theory.
IV. CONCLUSIONS
In this work, an experimental investigation was undertaken to assess the effect of the time of cure on the changes of free volume size and fraction of free volume present during curing of styrene butadiene rubber. Measurements of positron annihilation lifetime spectroscopy were performed on uncured and partially cured samples. These data were complemented by a dynamic mechanical test performed on the vulcanized material.
The total free volume content, as measured by PALS, demonstrates that the free volume size significantly de- creases at the onset of the reaction and slightly increases at higher levels of cure. From the present results, it can be concluded that the presence of cross links decreases the volume of the holes in the samples, restricting the thermal expansion of the chain.
The free volume fraction increases at high cure levels and the same tendency is observed in the results obtained with the WLF as well as with the PALS technique. This behavior can be associated with the creation of new cross links during curing and also with side reactions occurring during sulfur vulcanization.
Finally, when the parameter obtained by using the WLF relationship in a dynamic mechanical test is compared with PALS results, a good correlation between the experimental results is found, indicating that the two techniques give essentially the same information. These results suggest that positrons in SBR reflect the same basic mechanism as relaxation processes. So PALS measurements can be used to obtain information on dynamic processes in elastomeric materials.
